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ABSTRACT 


The preliminary design of two series of simple experiments the 
objectives of which are to determine the effect of an absence of gravity 
on (i) the general morphology of the structure, (if) location of ullage 
space, and (iii) magnitude of surface tension driven convection, during the 
solidification of several metallic and non-metallic systems is described. 
Details of the investigative approach, experimental procedure, experimental 
hardware, data reduction and analysis, and anticipated results are given. 

In addition a work plan and cost analysis is provided. 
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SCOPE 


The present report is a statement of work carried out under National 
Aeronautics and Space Administration Grant NSG 1136 entitled "Long Duration 
Exposure Facility (LDEF) Experiments for Early Space Shuttle Missions" and 
covers the working period January 15, 1975 to May 14, 1976. 

2. INTRODUCTION 

Approximately two years ago, several experiments concerning the ef- 
fects of a space environment on the melting-freezing behavior and frictional 
characteristics of materials were proposed by the principal investigator. 
These experiments formed a portion of a total of seventeen suggested for 
possible conduct aboard the early flights of the proposed space shuttle, A 
brief description of the experiments was given in a document entitled, "Phase 
A Planning Document", prepared by Dr. J. J. Wortman of the Engineering Di- 
vision of the Research Triangle Institute for the National Aeronautics and 
Space Administration. 

Tentative approval of the experiments led to the award by the National 
Aeronautics and Space Administration of a one year contract beginning on 
January 15, 1975 for the sum of $9,998.58, for the generation of background 
information and data of value in the future design, construction and testing 
of the aforementioned experiments. 

More recent screening of candidate experiments by the National Aero- 
nautics and Space Administration has led to the selection of a portion of 
the proposed experiments concerned with a study of the melting-freezing be- 
havior of materials in a space environment as being feasible for conduct 
aboard an early space shuttle flight, where technical simplicity is essen- 
tial, It was decided that the proposed experiment concerning the frictional 



characteristics of materials should be removed from further consideration 
until a later date because of its technical complexity. 

A presentation of the objectives, investigative approach, anticipated 
results and implications of the proposed experiments concerned with a study 
of the melting -freezing behavior of materials was given to Dr. Smiley at 
NASA Headquarters, Washington, D. C. on March 6, 1975 and to LDEF Project 
personnel at NASA Langley Research Center, Hampton, Virginia on May 20, 

1975. Subsequently, the principal investigator was requested to submit a 
proposal to allow final selection of the first LDEF experiments. 

The work described in this report is concerned with the generation 
of information necessary for the successful design of the proposed experi- 
mental package. A brief summary of previous work and objectives of the 
proposed experiments is given in Sections 3 and 4, respectively. The in- 
vestigative approach, experimental materials, and experimental hardware are 
described in Sections 5, 6 and 7, respectively. Data analysis and antici- 
pated results are described in Sections 8 and 9, respectively. Finally, a 
detailed work plan is given in Section 10. 

3. PREVIOUS WORK 

Interest in the solidification behavior of materials in a ZERO-G 
environment has developed rapidly during the past several years. This in- 
terest was generated largely by the success of the Apollo and Skylab mis- 
sions which provided the capability for performing unique experiments in a 
space environment. Solidification in a ZERO-G environment occurs with the 
absence of both mechanical vibration and buoyancy driven convection. This 
can lead to the generation of components with improved mechanical and phy- 
sical properties. 
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At the present time most of the work conducted has been of an explo- 
ratory nature and concerned primarily with the development of systems which 
can be used for studying the melting and freezing behavior of materials 
over a wide range of experimental conditions. Experiments have been con- 
ducted concerning the solidification of pure materials, immiscible alloys, 
and eutectics, the fluid dynamics of liquid droplets, containerless melting 
and the growth of single crystals. The important aspects of these experi- 
ments are given in Table I. 

Much of the previous work concerning the solidification of materials 
in a ZERO-G environment has been carried out aboard Skylab using the M512 
processing facility. This facility uses the Westinghouse M518 multipurpose 
resistance heating furnace and electron beam gun. The complete electrical 
resistance furnace consists of three major components namely; the furnace, 
the control package and experimental cartridges which contain the test 
materials. The furnace design is such that constant temperatures up to 
1000°C can be maintained at the hot end. In addition, a passive heat sink 
is provided at the cold end of the furnace so that temperature gradients 
can be established. The furnace can accommodate three cartridge test 
samples for heating periods up to 64 hours at a power level of 144 watts. 

In addition, nn electron gun is used to provide a high temperature point 
heat source. 

The principal conclusions which may be drawn from a comparison of 
the solidification behavior of materials in a ZERO-G and NORMAL-(one) G 
environment are, that for a ZERO-G environment: 

1, The structure is free from effects associated with buoyancy 


driven convection. 
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2. Segregation of impurities is reduced producing a more homogeneous 
microstructure. 

3. Segregation of phases in immiscible alloys is reduced producing 
a more homogeneous microstructure. However, segregation can occur slowly 
through coalescence. 

4. The heterogeneous nucleation rate is reduced because of reduced 
segregation. 

5 Supercooling is greater because of the more uniform distribution 
of impurities and the absence of vibration. 

6. There is an increase in the amount of porosity because trapped 
gases cannot escape from the melt. 

7. Capilliary fluid motion can be appreciable. 

8. Melt contamination is less in containerless melting. 

4. OBJECTIVES 

The environment of the orbiting LDEF provides a very unique oppor- 
tunity for studying phenomena associated with the behavior of materials 
under conditions which previously were unobtainable. Perhaps one of the 
most interesting and important natural phenomena is that of solidification 
which is associated with the liquidjsolid phase change. 

The basic objective of the proposed experiment is to determine 
whether or not solidification of materials (metals and nonmetals) in a 
ZERO-G environment is different from that occurring in a ONE-G environment. 
In particular, the absence of gravity on (i) the general morphology of the 
structure, (i i ) the location of ullage space, and (iii) the magnitude of 
surface tension driven convection will be studied. 



TABLE 1. Summary of Experiments Performed in a Zero Gravity Environment 


Experiment 

Purpose of 
Investigation 

Facility 

Material 

System 

Experimental 

Conditions 

Results 

Solidification of 
immiscible alloys 
[References 1 , Z] 

To determine 
effects of 
zero gravity 
on segrega- 
tion 

M518 Multi- 
purpose 
Furnace 
[Reference 
12] 

1*. Au(78.85) - Ge 
(23.15) 

2*. Pb(45.Q5) - Zn 
(45.06) - Sn 

(9.8) 

3*. Pb(70.2) - Sn 

(14.8) - In 
(15.0) 

Systems (1) and 

(2) were heated 
to 720°C, held 
at temperature 
for four hours 
then allowed to 
cool . System 

(3) was par- 
tially melted 
and held under 
a fixed temper- 
ature gradient 
then cooled. 

In general , more 
homogeneous mi- 
crostructures 
were obtained 
compared with 
similar samples 
solidified under 
normal gravita- 
tional conditions. 

Solidification of 
KaCl - NaF eu- 
tectic [Reference j 
3, 4] 

To determine 
effect of 
zero gravity 
on lamellar . 
micro struc- 
ture of eu- 
tecti c 

1 

M518 Multi- 
purpose 
Furnace 
[Reference 
12] 

NaCl (21 ) - NaF 
(79) eutectic 
composition 

Melt was solidi- 
fied uni direc- 
tionally under 
a temperature 
gradient of 
50°C/cm. 

Continuous NaF 
fibers were pro- 
duced in a fault 
free NaCl matrix. 
Fibers were 
aligned parallel 
to direction of 
solidification. 
Optical proper- 
ties were super- 
ior to material 
solidified under 
normal gravita- 
tional conditions. 
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Formation of 
spheres [Refer- 
ences 5, 6] 

To study the 
fluid dynam- 
ics of molten 
droplets in 
zero gravity 

M518 Multi- 
purpose 
Furnace 
[Reference 
12] 

i 

1. Ni (88) - Sn(12) 
eutectic alloy 

2. Ni (99) - Ag(l ) 
monotec tic al- 
loy 

Materials were 
heated with an 
electron beam 
in vacuum and 
melted with ab- 
sence of con- 
tainer. 

In general, solidi- 
fication occurs 
initially at sur- 
face and progresses 
radially inwards. 
Some surface ten- 
sion driven fluid 
flow at surface 
observed. 

System (1) showed 
excessive under- 
cooling. Some 
differences in 
shrinkage and 
porosity were ob- 
served when com- 
pared with mate- 
rial solidified 
under normal gra- 
vitational condi- 
tions. System (2) 
gave an almost 
perfect silver 
coated sphere. 

Melting of Metals 
Proposed Experi- 
ment [Reference 

- j 

! 

To study the 
fluid dy- 
namics of 
molten ma- 
terials in 
zero gravity 

i 

M518 Multi- 
purpose 
Furnace 
[Reference 
12] ! 

1. A1 Alloy 2219 

2. Stainless Steel 
321 

3. Tantalum 

Machined discs 
of materials 
will be rotated 
and heated with 
an electron 
beam in vacuum 
to form circu- 
lar liquid bead. 

It is anticipated 
that more per- 
fectly shaped 
beads can be 
formed. 


cn 
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Electromagnetic 
Containerless 
Melting (Pro- 
posed Experiment) 
[■References 7, 8] 

To study the 
effects of 
solidifica- 
tion under 
zero gravity 
on micro- 
structure 

Electromag- 
netic Le- 
vitation 
Heating 
Unit 

1. Intermetallic 
Compounds 

2. Cermets 

3- Transition 
metal carbides 
and nitrides i 
4. Glasses 

Materials will 
be melted using 
levitation heat- 
ing unit with 
various shaped 
coils. 

It Is anticipated 
that contaminant 
free, homogeneous 
spherical beads 
can be produced 
having a very low 
density. It is 
hoped to show 
that a greater 
range of materi- 
als can be tested 
because of the 
extremely low 
forces required 
to maintain bead 
stability. 

Solidification of 
Eutectics [Refer- 
ences 9, 6, !?, 

5] 

To study the 
effects of 
sol idifica- 
tion under 
zero gravity 
or micro- 
structural 
defects 

M5I8 Multi- 
purpose 
Furnace 
[Reference 
12] 

A1 (67) - Cu(33) 

Experiments con- 
ducted under 
conditions of 
unidirectional ] 
solidification j 
to obtain la- 
mellar struc- 
ture. 

Lamellar spacing 
of A1 and Cu A1 2 
plates and fault 
density were 
measured. Little 
differences as 
compared with 
same material so- 
lidified under 
normal gravita- 
tional conditions. 

Growth of Single 
Crystals (Pro- 
posed Experiment) 
[Reference 11] 

To attempt to 
reduce micro- 
structural 
defects by 
sol idifica- 
tion under 
zero gravity 

M518 Multi - 
[ purpose 
Furnace 
[Reference 
12] 

; 1 . Pure Ag 
, 2. Ag doped with 
Ge 

3. Cu-Au alloys 

i 

J 

Single Crystals 
to be grown in 
two types of 
crucible. 

It is hoped that 
absence of gravity 
will produce cry- 
stals of low de- 
fect density with 
improved electri- 
cal properties. 




For gravitational environments in the range from ZERO-G to ONE-G in- 
teratomic forces in materials are greater than the gravitational forces to 
the point where differences in the mechanisms of solidification and fine 
scale structure would not be anticipated. However, it is believed that a 
reduction in the magnitude of the gravitational forces can lead to changes 
in the location of the ullage space and the onset of surface tension driven 
convection. The ullage space is that space which must be provided to allow 
for contractions and expansions of materials during the melting/freezing 
process. In a ZERO-G environment there will be an absence of natural con- 
vection because of the lack of buoyancy forces. However, convection driven 
by surface tension forces could be appreciable. Convection driven by sur- 
face tension forces is known as Marangoni flow. 

The proposed experiments, although of necessity technically simple, 
will provide a very unique opportunity to generate qualitative and quantita- 
tive information which will lead to an advancement in our understanding of 
the basic principles of solidification and provide a firm basis for the de- 
velopment of more sophisticated experiments at a later date. It is believed 
also that the aforementioned experiments can provide data which is of more 
immediate and direct practical value. Recently, cooling/heating devices 
(thermal capacitors) have been developed based on the use of an encapsulated 
material (PCM) which is forced to undergo a phase change (solidjliquid) . 

The device absorbs heat from an external medium when the phase change ma- 
terial (PCM) melts and rejects heat to the medium when the phase change ma- 
terial solidifies. The heat absorbed or rejected is, of course, the latent 

heat of fusion of the phase change material. 

Thermal capacitors have been used for temperature control and heat 

storage on the Lunar Roving Vehicle (LRV) , Skylab I and Apollo's 15, 16 and 
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17. However, it is believed that potential problems may develop if solidi- 
fication in the space environment is not controlled. For example, if the 
ullage space forms adjacent to the channel carrying the externally circula- 
ting medium then heat transfer will be seriously impaired and the efficien- 
cy of the capacitor reduced. Linder normal gravitational conditions (ONE-G) 
the position of the ullage space can be controlled by suitable orientation 
of the capacitor. However, such control is not possible in a zero gravity 
environment. In the absence of gravity it is important to know how and 
where the ullage space forms so that future capacitor designs can be im- 
proved. Similarly, capacitor performance may be changed radically should 
surface tension driven convection become an important mode of heat trans- 
fer. Most thermal capacitor designs are based on conduction models of the 
heat transfer process. Clearly, the proposed experiments could provide 
valuable information of direct use in the design of thermal capacitors for 
future space missions. 

In the proposed experiments it is hoped to show that some control 
over the location of the ullage space can be established by selection of 
the appropriate relative interfacial energy between the test material 
(liquid) and container. It is hoped also to show that surface tension 
driven convection can be generated and controlled by control of the tem- 
perature gradient and hence local surface tension along an interface 
(liquid-vapor) . 

5. INVESTIGATIVE APPROACH 

5.1 Concepts of Experiments 

It is proposed to conduct two different but related series of experi- 
. One experiment will be concerned with an investigation of the 


ments 



general morphology of the structure produced by solidification of a liquid. 
The other experiment will be concerned with an investigation of the magni- 
tude of surface tension driven convection. Both experiments will be con- 
ducted, of course, in a zero gravity evnvironment. The schematic arrange- 
ment for the experiments is given in Figure 1. 

5.1.1 General Morphology Studies 

In the first series of experiments a small cylindrical sample of 
each test material with a volume in the range from one to three cubic 
centimeters and with a height to diameter ratio of approximately unity 
will be press-fitted into a lined, stainless steel container. The con- 
tainers will be filled with argon at normal atmospheric pressure and 
sealed. The size of the containers will be such that there will be ap- 
proximately seventy percent ullage. The containers will be attached 
securely to wire wound resistance heating units (furnaces). The con- 
tainer assembly is illustrated schematically in Figure 2. The capa- 
bility of the units will be such that sufficient heat can be produced 
to melt the sample. For testing low melting point translucent materials, 
the containers will be made from a high melting point transparent plastic 
so that visual observation of the total morphology of the structure can 
be made after solidification. Heating will be from "below" so that sta- 
bility will be maintained until the test sample is completely melted. 

The linings of the container and/or actual test materials will be 
selected to meet two broad requirements, namely, (1) test material wets con- 
tainer (low relative interfacial energy), and (2) test material does not 
wet container (high relative interfacial energy). Two identical cells 
for each material will be made. This scheme enables the effects of varia- 
tions in the relative interfacial energy between container and test material 
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on the general morphology and location of ullage space to be studied. The 
materials systems which may serve as potential candidates for the proposed 
experiments are discussed in Section 6 of this report. 

5.1.2 Convection Studies 

In the second series of experiments small samples of each test ma- 
terial will again be press-fitted into lined stainless steel containers and 
sealed under an atmosphere of argon as in the previous series of experi- 
ments. However, here the ullage space will be reduced to approximately 25% 
and the diameter to height ratio of the cylinder will be of the order of 
two in order to provide a large solid (liquid)-vapor interface. In addi- 
tion, a small platinum wire heating element will protrude from one end of 
the cylinder into the ullage space. The active (hot) end of the element 
will be located approximately 5mm a^ove the solid surface of test sample. 
This is illustrated schematically in Figure 3. The materials finally se- 
lected for the studies in Section 5.1.1 described above will be used in 
this series of experiments. However, two identical calls fur cacii ma- 
terial will be made. It is hoped that with this scheme investigation of 
the effects of variations in interface tension produced by Interface tem- 
perature gradients on convection can be studied for liquid-vapor interfaces. 

5.2 Experimental Procedure 

The experimental procedures to be used are particularly simple and 
therefore ideally suitable for conduct aboard the first several flights of 
the space shuttle. 

For the first series of experiments [(5.1.1) above] the test mate- 
rials will be heated from "below" to produce complete melting. The capsule 
will be designed such that the solid-liquid interface will originate 



FIGURE 3 Test Cell (ii) {schematic section). 
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adjacent to the heat source and move perpendicular to the axis of the cap- 
sule. In this way material stability will be maintained until the solid is 
completely melted. Each sample will be held in the liquid state for simi- 
lar prescribed periods of time then allowed to cool to ambient temperature. 
For the second series of experiments [(5.1.2) abo"e] a current will be 
passed through the platinum wire heating element to produce radiant heating 
of the center most portion of the "upper" surface of the test material. 

Each sample will be heated for prescribed but different periods of time 
then allowed to cool to ambient temperature. It is important to state here 
that these test samples will not be melted completely. The unmelted material 
will serve to stabilize the melted material because of the surface tension 
forces generated at the sol id- liquid interface. 

In the initial experimental design it was proposed that power con- 
sumptions and temperature distributions within the test cells be measured 
and recorded continuously as a function of time during the real time life 
of the experiment. However, recent restrictions have led to the elimina- 
tion of this aspect of the program. Thus, in flight quantitative data will 
not be generated. The experimental results will be generated from post 
flight sample characterization and will be described in Section 8 of this 
report. Assistance from the Shuttle crew will not be needed. However, as- 
sistance from Ground Support personnel will be required for delivery, in- 
stallation and retrieval of the experimental package. 


6. EXPERIMENTAL MATERIALS SELECTION 

In the initial proposal for the experimental package it was intended 
to select materials from systems possessing widely different physical and 
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chemical characteristics so that a comprehensive broad based program of 
activity could be established. The tentative systems identified included 
low melting point pure metals, low melting point immiscible alloys, low 
melting point eutectiferrous alloys, pure paraffin hydrocarbons and paraffin 
hydrocarbon mixtures. Recently, it was suggested that the scope of the 
proposed activity be reduced to fit within the revised objectives of the 
LDEF mission. Accordingly, it is now proposed to select low melting point 
pure metals and either pure paraffin hydrocarbons or pure fatty acids as 
the systems for investigation. However, physical and thermal property data 
will be given where possible for all of the material systems identified 
initially. The melting points of the materials will be kept in the approxi- 
mate range from 40°C to 600°C to keep power requirements and design diffi- 
culties at a minimum. 

Table II contains a list of pure metals of potential interest. Al- 
though gold and silver have melting points considerably in excess of 600°C 
they have been included as potential candidate test materials because of 
their noble characteristics. Their use could avoid possible problems as- 
sociated with oxidation during test. Table III contains a list of immis- 
cible alloy systems. The Lead-Zinc and Aluminum-Thallium systems represent 
the most promising candidates. The remaining systems involve reactive 
metals which may prove hazardous. Unfortunately , thermal property data for 
these materials is not available. However, phase diagrams for these sys- 
tems are given in Figures 4, 5 and 6. Table IV contains thermal property 
data for a number of low melting point metallic eutectic systems. Tables 
V and VI contain thermal property data for selected pure paraffin hydro- 
carbons and other organic compounds, respectively. Table VII contains 
thermal property data of selected fatty acids. Table VIII contains a list of 
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possible organic eutectic systems. Unfortunately, thermal property data 
for these systems is not available. 

It is intended to select ultimately materials which will wet the con- 
tainment capsule (low relative interfacial energy) and materials which will 
not wet the containment capsule (high relative interfacial energy). At the 
present time data concerning the relative interfacial energies and wetting 
characteristics of those test and containment materials identified as being 
potential candidates for the proposed experiments is not available. It is 
proposed that generation of this data be undertaken as the initial step in 
the final design program which will be undertaken at a later date. Similar- 
ly, thermal property data for the immiscible alloy and organic eutectic 
systems will be determined at a later date. 

7. EXPERIMENTAL HARDWARE 

7.1 Physical Characteristics 

The experimental package will consist of twelve test cells as de- 
scribed in a previous section, a battery power pack, and timer to initiate 
the experiment. The package will be rectangular in section measuring ap- 
proximately 50 cm x 76 cm x 15 cm (0.057 m )and weigh approximately 8.1 kg. 
The power system will consist of a DC battery pack to furnish power for 
melting the test samples and driving the timer module. Data recording sys- 
tems are not required with the revised experimental profile. 

The experimental package will be designed such that it will neither 
produce, nor be susceptible to degradation through electromagnetic interfer- 
ence contamination, acoustic radiation and mechanical vibration over the 
levels anticipated during ground handling, launch, space exposure and re- 
covery. The only active components in the experimental package are the 



TABLE It. Thermal Property Data for Pure Metals [13]. 


Metal 

Melting 
Point (°C) 

Latent Heat 
(Cal/gm) 

Specific Heat 
(Cal/gm °C) 

Density 

(gm/cc) 

Thermal 

Conductivity (watt/ cm °C) 

A1 umi num (A1 ) 

660.2 1 

95.0 

0.215 

2.70 

2.370 

Antimony (Sb ) 

630.5 

38.5 

0.050 

6.70 

0.185 

Bismuth (Bi) 

271.5 

12.4 

0.030 

9.80 

0.084 

Cadmium (Cd) 

320.9 

13.2 

0.055 

8.64 

0.930 

fold (An) 

1063.0 

15.0 

0.031 

19.30 

3.150 

Lead (Pb) 

327.4 

11.68 

0.031 

11.68 

0.346 

Magnesium (Mg) 

650.0 

88.0 

0.243 

1.74 

1.590 

Selenium (Se) 

220.0 

16.0 

0.077 

- 

0.005 

Silver (Ag) 

960.8 

26.5 

0.057 

10.50 

4.270 

Tin (Sn) 

237.1 

14.1 

0.054 

7.30 

0.640 

Zinc (Zn) 

419.4 

27.0 

0.093 

7.14 

1.150 
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TABLE III. Immiscible Alloy Systems [13], 


System 

Immiscibility Gap 
Temperature Range 
Estimated (°C) 

Freezing 
Point (°C) 

Composition 
(weight %) 

Lead-Zinc 
(Pb - Sn) 

420 - 800 

325 

t 

£_ 

CD ro 
-O > 

Aluminum-Thallium 
(A1 - Tl) 

660 - 950 

311 

ft3 O 

U *r- 

4-> 
tSi *r- 

72 if) 

O O 

*r- t! 

Aluminum-Potassium 

; (ai - k) 

660 - 900 

63 

£ 

•t- o 

in u 

o 

CL r— 

S. fd • 

O O CL 

1 Aluminum-Cadmium 
(Al - Cd) 

650 - 950 

J 

320 

<J *r^ rd 

EE CT> 
<+- CD 

O J=. >, 

O 

CD *r— 

Q> CJ) j — * 

: Magnessium-Sodium 
! (Mg - Na) 

650 - 950 

97 

£C C *r— 

/d *r-* _Q 

5- >> -r— 

— CJ 
CD <vJ CO 

XJ > *r; 

£: 

Potassium-Magnesium 
; (K - Mg) | 

650 - 950 ! 

64 

* *r— 

< “O 

<D to 
CO CD 




















TABLE IV. Thermal Property Data for Eutectic Alloys [13]. 


, 

System 

Melting 
Point (°C) 

1 1 

Specific Heat 
(cal/gm °C) 

Thermal 
Conductivity 
(Watt/cm °C) 

Composition 
(weight %) 

Bismuth-Thallium 
(Bi - Tl) 

185 

10.81 

0.031 

0.015 

Bi-48%, Tl -52% 

Lead-Tin 
(Pb - Sn) 

180 

8.24 

0.045 

0.033 

Pb-38%, Sn-62% 

Tin -Cadmium 
(Sn - Cd) 

175 

7.70 

0.055 

0.045 

Sn-67%, Cd-33% 

Tin-Thallium 
(Sn - Tl) 

170 

9.20 

0.044 

0.033 

Sn-57%, Tl -43% 

Lead-Tin-Cadmium 

(Pb - Sn - Cd) 1 

: 

143 

8.09 

0.047 

0.037 

i Pb-30%, Sn-51.2%, Cd- 
18.21 

Bismuth-Cadmium 
(Bi - Cd) 

140 

9.35 

0.040 j 

0.026 

Bi-60%, Cd-40% 

Bismuth-Tin 
(Bi - Sn) 

140 

8.63 

0.040 

0.019 

Bi-58%, Sn-42% 

Bismuth -Tin-Zinc 
(Bi - Sn - Zn) 

130 

8.55 

0.042 

0.021 

Bi— 56%, Sn-40%, Zn-4% 

Bismuth-Lead 
(Bi - Pb) 

125 

10.30 

0.030 

0.012 

i Bi-55.6*, Pb 44.5* 
1 

Cadmium-Indium 
(Cd - In) 

120 

7.66 

0.057 

0.052 

| Cd-25%, In-75% 

1 (Cont.) 


00 














































TABLE IV. Thermal Property Data for Eutectic Alloys 


Bi smuth-Lead-Zi nc 
(Bi - Pb - Zn) 

118 

10.20 

Tin-Indium 
(Sn - In) 

117 

7.24 

Lead-Sodi um-Li th i urn 
(Pb - Na - Li ) 

310 

5.92 

Cadmium-Zinc 
(Cd - Zn) 

270 

8.47 

Lead-Cadmium 
(Pb - Cd) 

245 

10.62 

Lead-Antimony 
(Pb - Sb) 

240 

11.00 

Lead-Cadmi um-Antimony 
(Pb - Cd - Sb) 

236 

10.50 

Lead-Sodi um-Li thium 
(Pb - Na - Li) 

234 

8.83 

Lead-Lithium 
(Pb - Li) 

230 ! 

! 

9.23 

Cadmium-Thallium 
(Cd - T1 ) 

205 

11.35 

Ant'mony-Thallium 
(Sb - Tl) 

1 195 
i ■ 

10.68 


[13]. (Cont.) 
0.032 


0.013 


Bi-55%, Pb-43%, Zn-2% 


0.056 

0.244 

0.063 

0.035 

0.033 

0.036 

0.174 

0.169 

0.035 

0,035 


0.045 

Sn-48%, In-5255 

0.046 

Pb-50%, Na-35%, Li-1 5% 

0.074 

Cd-82%» Zn-18% 

. 

0.028 

Pb-82% * Cd-18% 

0.020 

Pb-89%, Sb -11% 

0.030 

1 

Pb-79.7%, Cd-17.7%, 
Sb-2.6% 

0.028 

] 

Pb-79%, Na-5%, Li -16% 

0.025 | 

j 

Pb-83%, Li -17% 

0.030 

I 

; Cd-17%, Tl -83% 

0.021 

Sb-21%, Tl -79% 























































TABLE V. Thermal Property Data for Pure Paraffin Hydrocarbons [14]. 


Hydrocarbon 

Formula 

"Melting 

Point 

rc) 

Solids 

Liquid 

Transition 

Temperature 

(°c) 

So1ic£Solid 

Latent 

Heat 

(cal/gm) 

Heat of 
Transition 
(cal/gm) 

Density 

(gm/cc) 

Specific Heat 
(cal/gm °C) 

Thermal 
Conductivity 
(watts/cm °C) 

liquid 

solid 

Pentacosane 

C 25 H 52 

53.7 

47.6 

42,6 

• 17.7 

0.770 

0.810 

0.52 

0.0015 

Hexacosane 

C 26 H 54 

56.4 

53.3 

38.8 

21,0 

0.773 

0 811 

0.53 

0.0015 

Heptacosane 

C 27 H 56 

59.0 

53.0 

37.9 

18.2 

0.781 

0.812 

0,51 

0.0015 

Octacosane 

C 28 H 58 

61.4 

58.6 

39,1 

21.4 

0.776 

0.813 

0.54 

0.0015 

Nonacosane 

C 29 H 60 

63.7 

58.2 

38.6 

17.3 

0.780 

0.814 

0.55 

0.0015 

Triacontane 

C 30 H 62 

65.8 

62.0 

60.0 

None 

0.781 

0.814 

0.55 

0.0015 

Hentriacontane 

C 31 H 64 

67.9 

65.0* 

74.0* 

11.2* 

0,782 

0.815 

0.55 

0.0015 

Dotriacontane 

C 32 H 66 1 

69.7 

66.0* 

75.5* 

| 22.4* 

0.782 

0.816 

0.55 

0.0015 

Tri triacontane 

C 33 H 68 : 

71.4 

70.0* 

78.8* 

24.6* 

0.783 

0.817 

0.55 

0.0015 

Tetratricontane 

C 34 H 70 

73.1 

i 

None 

81.2* 

None 

0.784 

0.818 

0.56 

0.0015 

Pentatriacontane 

C 35 H 72 

74.7 

72.0* 

82.4* 

27.5* 

0.785 

0.820 

0.57 

0.0015 

Hexatriacontane 

C 36 H 74 

76.2 

None 

83.6* 

None 

0.786 

0.821 

0.58 

0.0015 

Heptatriacontanej 

C 37 H 76 

77.7 

77.0* 

84.1* 

30.3* 

0.787 

0.822 

0.58 

0.0015 

Octa triacontane j 

C 38 H 78 

79.0 

None j 

j 

86.0* 

None 

0.788 

0.823 

0.59 

0.0015 

Nonatriacontane 

C 39 H 80 

80.3 

82.0* 

86.7* 

32.2* j 

0.789 

0.823 

0.59 

0.0015 

Tetracontane 

C 40 H 82 

81.5 

None | 

87.2* 

None 

0.790 

0.824 

0.59 

1 

0.0015 


* 

Extrapolated Data 
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TABLE VI . Other Organic Compounds . 


Organic Compound 

Formula 

Melting 
Point (°C) 

Pentaerythritol Tetraacetate 

c(ch 2 oocch 3 ) 4 

83 

*Acetamide 

CH 3 C0NH 2 

82 

Diphenyl Carbonate 

(C 6 H 5 0) 2 C0 

80 

Naphthalene 

C 10 H 8 

80 

Di acetamide 

(CH 3 C0) 2 NH 

79 

Ethylene Steurate 

(CH 3 (CH 2 ) 16 COOCH 2 ) 2 

79 

Propionamide 

C 2 H 5 C0NH 2 

79 

Tri acetamide 

(CH 3 C0) 3 N 

79 

Glycerol TriLjnzoate 

CH(CH 2 00CC 6 H 5 ) 2 00C-CgH 5 

76 

Phenyl Propionate 

C 3 H 7 C00C 6 H 5 

76 

Diphenyl Phthalate 

! o-c 6 h 4 ;cooc 6 h 5 ) 2 

7 : 

1,2- Ethanediol Dibenzoate 

(c 6 h 5 cooch 2 ) 2 

73 

Biphenyl 

C 6 H 5* C 6 H 5 

71 

*Phenyl Benzoate 

C,H c C00C c H, 
6 5 6 5 

71 

Phenyl Ethylene Glycol 

c 6 h 5 chohch 2 oh 

69 

i 


Supercools; has to be seeded periodically for cyclic melting- freezing. 







TABLE VII Thermal Property Data for Selected Fatty Acids [14] 


Fatty 

Acid 


Pentadecanoi c 

Myristic 

Margaric 

Palmitic 

Stearic 

Arachidic 

Tricosanoic 

Behenic 

Pentacosanoic 

Lignoceric 

Cerotic 


Formul a 

Melting 
Point (°C) 
Soli d^Liquid 

Latent Heat 
(Cal/gm) 

Transition 

Temperature 

(°C) 

SolidtSolid 

Heat of 
Transition 
(Cal/gm) 

C 15 H 30°2 

52.5 

42.5 

12.0 

- 

C 14 H 28°2 

53.7 

44.6 

11.0 

- 

C 17 H 34°2 

61.5 

45.2 

25.2 

14.6 

C 16 H 32°2 

62.8 

44.3 

23.2 

- 

C 18 H 36°2 

70.7 

48.4 

31.4 

17.1 

C 20 H 40°2 

76.5 

54.2 

40,4 

17.5 

C 23 H 46°2 

! 77.4 

49.6 

- 

- 

C 22 H 44°2 

80.2 

55.1 

47.8 

18.2 

l C 25 H 50°2 

80.6 

52.3 

- 

- 

C 24 H 48°2 

83.1 

57.2 

- 

- 

j C 26 H 52°2 

87.4 

59.2 

- 

- 


Specific Heat 
(Cal/gm °C) 

Solid 

Liquid 

0.467 

0.531 

0.521 

0.516 

0.506 

0.560 

0.492 

0.542 

0.460 

- 

0.477 

0.566 

0.560 

0.576 

0.485 

0.556 

0.535 

0.577 

0.467 

0.586 

0.479 

0.571 
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TABLE VIII. Organic Eutectic Systems [1. ]. 


System 


Composition 
(Weight %) 


Benzamide-Benzoic Acid 

(c 6 h 5 conh 2 -c 6 h 5 cooh) 


C 6 H 5 C0NH 2 -51.8%, CgHgCOOH-48.2% 


Urea-Benzoic Acid 
( CO (NH 2 ) 2 -C 6 H 5 C00H 


CO(NH 2 ) 2 -33% s CgHgCOOH-67% 


Naphthalene-Hexachlorethane 

«10 H 18- C1 3 CCC1 3> 


C 10 H 18" 48 - 5 *’ Cl 3 CCC1 3 -51 .5* 


*Urea-Acetamide 

(co(nh 2 ) 2 -ch 3 conh 2 ) 


C0(NH 2 ) 2 -36.5%, CH 3 C0NH 2 -63.5% 


Phenanthrene-Naphthalene 

( C 14 H 10“ C 10 H 18 


C u H 10 -50.956, C in H lfl -49.1% 


'10 18 


Propionamide-Palmitic Acid 

(c 2 h 5 -conh 2 -ch 3 (ch 2 ) 14 cooh) 


c 2 h 5 conh 2 -25 . i % , ch 3 ( ch 2 ) 1 4 cooh- 

74.9% 


Supercools has to be seeded periodically for cyclic melting-freezing 
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battery power pack and timer unit. The test materials and materials used 
in the construction of the experimental package will be selected to be com- 
patible with the temperature profile provided in the Space Shuttle Users 
Guide. 

Special electrical, mechanical or control requirements are not re- 
quired. The experiment will be initiated by a signal from an electrical 
timer module after release of the LDEF from the shuttle. The approximate 
temperature-time histories of the two categories of experiments are shown 
schematically in Figure 7. Upon final solidification the experiments will 
remain dormant until recovered. Setting of the timer to its sequence will 
be required prior to launch. It is anticipated here that installation of 
the experimental package on board LDEF and timer initiation will be under- 
taken by ground support crews. 

The location of the experimental package on LDEF is not critical. 

Each sample module will be hermetically sealed and thermally insulated. How- 
ever, it is desirable that there be a minimum of spacecraft attitude change 
during actual solidification of the test samples to avoid the possible gen- 
eration of disturbances within the solidifying materials. The experiment 
will be attached to the experiment tray by means of a bolted joint employing 
reusable sel flocking fasteners. 

7.2 Environmental Conditions 

The pre and post flight environment in the bay area of the Long Dura- 
tion Exposure Facility will be controlled. A conditioned air purge will 
maintain the temperature in the range from 300K to 320K at a relative humid- 
ity of 50%. During flight the bay area is vented directly to the atmosphere. 

During launch and reentry, the facility will be subjected to extremes 
in acoustic noise, vibration and gravitational loading. The variation of 



TEMPERATURE 
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T3 



Six test capsules 
will follow same 
basic profile. 


TIME 

(i) Morphology Studies - Liquid stage temperature 
will depend on material selection. 



(ii) Convection Studies - Liouid staoe temnerature 
will depend on rater ial 5 el 5*. ti^n . 


FIGURE 7 Schematic Temperature - Time Profiles for 
Morphology and Convection Studies 
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these factors with time during the launch period are shown in Figures 8, 9 
and 10. In flight it is anticipated that there will be an absence of ex- 
ternal loads. However, a temperature variation throughout the facility is 
anticipated. The temperatures at various locations within the facility 
are given in Table IX. The temperature of space is assumed to be zero de- 
grees absolute. 

During reentry a sharp rise in temperature within the facility to 
340K is anticipated. In addition the experimental package should be capable 
of withstanding a load equal to 20 times that due to normal gravity for a 
period of 11 milliseconds duration without suffering major damage. This 
should ensure that the package will remain intact should a major disaster 
occur (crash). 

A shield provided by the National Aeronautics and Space Administra- 
tion and installed prior to launch will nulify effects of radiation and par- 
tical bombardment during space exposure. 

7.3 General Morphology Studies 
7.3.1 Cell Description 

The general concepts for the experiment concerned with a study of 
the general morphology and ullage space location for selected materials 
solidified in a ZERO-G environment have been developed in Section 5 of this 
report. The anticipated environmental and dynamic conditions have been de- 
scribed in the previous section. At the present time approximate analyses 
and calculations have been performed in order to generate a preliminary de- 
sign for the experimental package. These analyses and calculations will be 
refined in the final design stage. 

Figure 11 shows the preliminary configuration for the test cell pro- 
posed for the general morphology studies with important dimensions. The 
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TABLE IX Typical Temperature Ranges at Various Locations 
on Spacecraft for Orbital Environment 


Location 

Temperatures (°F) 


Minimum 

Maximum 

Typical AT/Orbit 

internal 

-25 

45 

10-20 

Earth end 

9 

75 

30-60 

Space end 

-104 

45 

100-150 

Experiment tray 

-72 

116 

67 

White paint 

-no 

31 

67 

Black paint 
(not exposed 
to sun) 

-57 

52 

18 


Additional conditions: 

(i) Time in sunlight: 62% - 72% of orbit period, orbit period: 

94.6 minutes 

(ii) Time to steady state thermal cycle: approximately 10 orbits 

{16 hours) 

(iii) Space environment: 0°Rankine 

(iv) Orientation 

Maximum "G" Level at release 2xl0~ 6 G 
Maximum "G" Level, steady-stale lxl0”®G 

X Axis is directed outward from earth 
Z Axis is in direction of spacecraft velocity vector 
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cell has been made in such a way that it can be disassembled easily to re- 
trieve the test material after both ground testing and actual space exposure. 
Each test cell consists of a heating unit (H) attached to a cylindrical sub 
base (B) and cylindrical body (C) with a common set of bolts. The rim of 
the heating unit is separated from the sub base and cell body with a layer 
of thermal insulating material. A separate diagram of the heating unit is 
shown in Figure 12. The cylindrical imen (S) is press fitted into the 
cell body in such a way that it rests adjacent to the heating element (H) and 
cell liner (L). The sides of the heating element (H) are isolated from the 
cell with electrical and thermal insulation (I). With this arrangement it 
is hoped that conditions of unidirectional heat conduction with a change of 
phase can be established. The cell is sealed with a screw threaded cylindri- 
cal cap (P). 

The completed cell is placed in a recess is a locating base (LB). 
Common bolts of the self-locking type are used to attach the completed cell 
and locating base to the experiment tray (T). The locating base will be 
made from rubber and will serve as a pad to dampen vibration of the test 
cell during launch and landing. 

7.3.2 Stress Analysis 

The direct loading to which the test cell is exposed is negligible. 
However, stresses may arise because of the increase in pressure of the en- 
capsulated gasses, differential thermal expansion of the test cell and 
sample during the heating phase of the thermal cycle, and large volume 
changes associated with the change in phase (sol id^rl iquid) of the test ma- 
terial. Calculation of the stresses arising from these sources involves 
the application of standard procedures. In the following some typical 
stress levels will be given based on the extreme ranges of experimental 
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conditions anticipated. Clearly, the actual stresses generated will depend 
upon the type of test material used. The computations are based on the di- 
mensions given in Figure 11. 

If it is assumed that the entrapped gas (argon) is initially at nor- 
mal ambient temperature and pressure (298°K, 1.01 x 10 N/m) and is sub- 
jected to a temperature increase of 600°K then an internal pressure of 

c p 

2.96 x 10 N/m will be generated. In turn, this will produce tangential 

and axial stresses of 7.23 x 10 5 N/m 2 and 3.61 x 10 5 N/m 2 , respectively. 

Clearly, these are extremely small stresses. 

When the encapsulated test material is heated it expands. If the 

coefficient of expansion of the test material is greater than that of the 

test cell then "interference" will occur and radial contact and tangential 

stresses will be produced in the cell. If it now assumed that an aluminum 

test sample is used with a stainless steel container and that the increase 

7 2 

in temperature is 635°K, then a contact stress of 27 x 10 N/m will be pro- 
duced, A temperature rise of 635°1( is sufficient to heat the aluminum from 
ambient temperature to its melting point. The physical and mechanical pro- 
perties used in the calculations were obtained from standard sources [13]. 

In turn, the radial contact stress will induce in the test cell a tangential 
stress of 76.0 x 10^ N/m 2 . 

When the test material melts it undergoes an expansion of approxi- 
mately 5%. In the early stages of melting the melted portion of the test 
material will tend to move the unmelted material along the test cell because 
of an increase in pressure within the liquid. If it is now assumed that the 

coefficient of friction between the cell and test sample is 0.4 and that a 

7 2 

contact stress of 27 x 10 N/m exists across the cell -test piece interface 

7 2 

then melting will induce an axial stress of 43 x 10 N/m in the base of the 
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cell walls. A coefficient of friction of 0.4 is the value found most often 
experimentally for sliding of metal pairs under dry, unlubricated conditions. 

It can be seen from the above that substantial stresses can be gen- 
erated by thermal expansion and melting of the test material. However, it 
is pointed out that compressive stresses will be applied directly to the 
test cells through the retaining bolts. These stresses will tend to be 
counteract those generated in the base of the cell because of expansion and 
melting of the test material. In the final design careful attention will 
be paid to the encapsulation procedures used and the generation thermal and 
contact stresses. 

7.3.3 Thermal Analysis 

For the present experiment it is necessary to determine the time 
taken and amount of heat required to raise the temperature of the test sam- 
ple from a prescribed initial temperature to the melting point temperature, 
then to bring about complete melting. 

The theoretical analysis described in the following applies to the 
case of uniaxial heat conduction with a change of phase. The entire analy- 
sis is divided into two parts which describe the complete heating history. 

The first part of the analysis (premelting regime) is concerned with heating 
of the test material from some initial temperature to the melting point tem- 
perature. The second part is concerned with the melting of the test sample 
(melting regime). The analysis is based on the integral heat balance ap- 
proach first proposed by Goodman [15]. 

For the premelting and melting regimes the basic model on which the 
present analysis is based is shown in Figures 13 and 14. For the premelting 
regime the following initial assumptions are made: 
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(i) The test sample is at some initial uniform temperature below 


the melting point temperature; for simplicity the initial temperature is 
taken as zero. 

(ii) A heat flux of magnitude q is applied at the boundary x = 0. 

(iii) The problem is one of transient uniaxial heat conduction. 

(i v) A thermal layer is assumed of thickness S(t), t > 0. 

(v) The boundary at x = L is insulated. 

The aforementioned assumptions lead to the following differential equation: 


The 


a 2 T(x,t) _ 1 3T(x,t) 

3x 2 " K 8t 

boundary conditions are: 


in the region 


0 < x < 6 


t > 0 . (1) 


3T(x,t) _ n 
3x u 

at 

x = 6 (and x = 

L) , t > 0 

(2) 

n _ kaT(x.t) 
q 3x 

at 

x = 0 

, t > 0 , 

(3) 

initial condition 

is: 




T(x,t) = 

0 

in the region 

0 < x < L , t = 0 . 

(4) 

thermal boundary condition is: 



T(x,t) = 

0 

at x = 6(t) 

, t > 0 . 

(5) 


Using the approach developed by Goodman [15] it can be shown that the tem- 
perature distribution in the solid is given by: 

T(x.t) = f - x ♦ . (6) 

k 2 2M 

When the thermal layer advances to the end of the test sample. 


X = L , 

(7) 

t „L 2 

t “ 6a 9 

(8) 


and 
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T( X J=-l = 3L 
'' x * 6a' 2k 


x = 0 


(9) 


When the melting point temperature of the solid is greater than that 
given by equation (9), a second heating stage must be considered. Again, 
using th-? approach developed by Goodman [15] it can be shown that the tern- 
perature distribution is given now by: 


t(*. t > y = & {j C3at + L 2 ) -xL+lx 2 ! . 
Equation (10) is valid for: 


(10) 


where t is the time required to begin melting, 
m 

melting point T m above the initial temperature, 
begins is given by: 


(11) 

For a material which has a 
the time at which melting 


(3T kL - L 2 q) 

+ - . Pi (121 

‘'(melting) 3aq 

Preliminary calculation has shown that for most materials considered 
for the present investigation the actual temperature gradient across the 
test sample is small at the beginning of melting. In order to simplify the 
problem for the melting regime, the following assumptions are made: 

(i) The problem is one of uniaxial heat conduction with a change 


of phase. 

(ii) The test sample is at some initial uniform temperature T m , 
the melting point temperature. For simplicity the initial temperature is 
taken as zero. 

(iii) A heat flux of magnitude q is applied at the boundary x = 0. 

(iv) A melted layer is assumed of thickness s(t), t > 0. 
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The aforementioned assumptions lead to the following differential 


equation: 



387 = i n the region 0 5 x 

gx 4 a 3t 

< L , t > 0 . 

03) 

The boundary conditions are: 



q - - k3T '*- t) at X - 0 , 

t > 0 , 

04) 

8T ^ t * -0 at x = L , 

t > 0 . 

(15) 

The initial condition is: 



T(x,t) =0 in the region 0 < x 

< L , t = 0 . 

06) 

The solid-liquid interface thermal equilibrium condition is: 


.HEg^.pLr^wt)) at 

X - s . 

07) 


It is assumed that the thermal properties of the liquid and solid phases 
are identical. 


Usinq the approach developed by Goodman it can be shown that the 
position of the solid-liquid interface (s) and time (t) are related by the 
expression: 


where. 


and 


t = | {X + 5 + (1 + 4X) 1/2 } 


_ q 2 t 

T ~~ 2 TT » 
ap L t 


08 ) 


(19) 


X = 


qs . 

otpLj 


(20) 


It can also be shown that the temperature distribution in the liquid phase 
is given by the expression* 
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T(x,t) = b(x - s) + c(x - s) 2 
where b and c are "constants' 1 and are given by: 


b = 


apL T 

2ks(t) 


’ - n * ® 1/2 


and 


( 21 ) 


( 22 ) 


c 



apL T 

2ks(t) 


i2 


1 - {1 + 

l t 


(23) 


The temperature along the boundary at which the heat flux is applied is 
given by: 


apL T i i - 1/2 v 

T(0,t) = {- 1 + \ (1 + 4X) +|}. (24) 

Finally, equations (18) and (24) are shown graphically in Figures 15 and 16. 

The equations given above can be used directly to determine the com- 
plete time-temperature histories for the heating and melting of test samples 
of any material for a given heat flux at the boundary. For the melting re- 
gime the location of the solid-liquid interface and temperature at the heat 
source (x = 0) for any time can be determined directly from Figures 15 and 


16. 


Attempts to analyse the solidification process have not been made be- 
cause formulation of an appropriate model is not possible. It is antici- 
pated that an appreciable amount of liquid migration will occur particularly 
in those situations where the liquid wets the contain walls making proposi- 
tion of a model very difficult. 


7,3.4 Application of Thermal Analysis 

In order to demonstrate the application of the thermal analysis de- 
scribed in Section 7.3.3, the time required to melt a test sample of Bismuth 
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will be determined. It is believed that the predictions from the mathemati- 
cal analysis and the experimental results to be generated from ground based 
preflight testing should establish beyond doubt the ability of the experi- 
mental package to perform the required functions. 

The thermal properties of Bismuth are: 
k = 0.084 watts/cm °C 


3 

p = 9.8 gm/cm 
c = 0.029 cal/gm °C 

r 

a = 260 cm 2 /hr 
L T = 12.4 cal/gm 

T = 544. 3°K 
m 

The test sample is cylindrical with a height and diameter of 1.56 cm. The 

3 

volume is 3.0 cm and mass 29.4 gm. 

In the present problem neither the heat flux nor the time required 
for complete melting are known. Therefore, an iterative procedure must be 
used to establish the appropriate values. 

It is now assumed that a heat flux (q) of magnitude 1800 cal/cm hr 
is applied to the test sample. The time required for the thermal boundary 
to traverse the length of the specimen is given by: 


_ L* 


(equation 8) . 


traverse 6a 
Substitution of the appropriate data gives: 


‘traverse ' °- 094 * 1ns - 


The temperature distribution when the thermal boundary has traversed the 
specimen is given by: 
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2 2 

t [ x - y ■ i & - * * & ( e i uati ° n i( » • 

The temperature rise at the heat source (x = 0) is given by: 

ifo til = 3k 

1 1“’ 6aj 2k 

= 19.4°C . 

This temperature is below the melting point temperature for the test materi- 
al and the second stage of the conductive heating phase must be considered. 
For: 

t >£ 

the temperature distribution is given by: 

2 

tJx, t > = ^J- (3at + L 11 ) - xL + j x 2 } (equation 10) . 

The time at which melting begins is given by: 

3T m kL - L 2 q ,2 

* - m -+™ (equation 12) . 


melting 3qa 

Substituting the appropriate data gives: 

Wing = 3 ‘ 15 rnins * 


(a) 


The time to melt a given amount of test sample is given by: 


T = 6 


X + 5(1 + 4X) 


1/2 


(equation (18) 


where 


2 . 

T = — 2” 
ap^L 


T 


-SL 

apL 


T 


and 
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Substitution of the appropriate data and the condition s = L gives: 

Wing period = s - 6 ' " ,1n - (b) 

The total time for heating and melting is the sum (a + b). Hence, 

^TOTAL ~ + 6.61) 

^TOTAL ~ 9,8 min * 


The temperature at the heat source (x = 0) when the sample is completely 
melted, is given by: 


T(0, t ) = apL-p 


1 - 5 - 1(1 
4 4>‘ 


- 1/2 

4X) 



T(0, 9.76) = 35°C (above melting point temperature) . 

In the above calculation ambient temperature has been taken as zero degrees 
centigrade. 

2 

A heat flux of 1800 cals/cm hr corresponds to a total heat input of 
576 cals and an assumed total melting time of 10 minutes. It is pointed out 
here that these values must be increased slightly to account for the fact 
that the analysis for the melting regime assumes the solid is at a uniform 
temperature equal to its melting point temperature and that some conductive 
heat losses will occur. When melting begins a temperature distribution will 
exist in the solid phase. The additional heat required to elevate the tem- 
perature of the solid uniformly to its melting point can be computed easily. 
Estimates of these heat losses will be made from experiments. 


7.4 General Convection Studies 
7.4.1 Convection in a ZERO-G Environment 

When liquids solidify the predicted rates of solidification based on 
a conduction model of the freezing process and experimentally measured values 
often differ considerably. This difference is usually attributed to 
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convection. Convection may be driven by forces associated with buoyancy, 
surface tension, volume changes, external loading and electric or magnetic 
fields. The most important forces are those associated with buoyancy and 
surface tension. In a normal ONE-G environment buoyancy driven convection 
usually predominates whereas in a ZERO-G environment it is to be expected 
that surface tension driven convection would predominate. 

The so-called Bond Number may be used to obtain a measure of the re- 
lative magnitudes of buoyancy and surface tension driven convection. The 
Bond Number is given by: 

B 0 .£^ . (25) 

For a Bond Number less than unity (B Q < 1) surface tension driven convection 
predominates whereas for a Bond Number greater than unity (B Q > 1) buoyancy 
driven convection predominates. Figure 17 shows the relative dominance of 
buoyancy and surface tension driven convection as a function of the charac- 
teristic length and dimensionless gravity. A measure of the magnitude of 
buoyancy driven convection can be obtained from the so-called Rayleigh Num- 
ber. The Rayleigh Number is given by: 

R a ' ‘ft < T s - V ' (26 > 

In a space environment the Rayleigh Number becomes vanishingly small. 

Surface tension driven convection is called often Marangoni Flow after 
the Italian scientist who first discovered the effect. Surface tension 
driven convection can occur when a temperature gradient exists along a phase 
boundary. The effect is greatest when steep temperature gradients exist 
along a liquid-gas interface. The effect arises because temperature gradi- 
ents along a phase interface induce variations in surface tension and hence. 
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the magnitude of the interfacial stresses. In turn, the variation in shear 
stresses from point to point along an interface induce fluid flow and hence, 
convection. Surface tension is usually linearly dependent upon temperature 
according to the expression: 

a = cr 0 - bT . (27) 

It can be seen that an increase in temperature produces a decrease in sur- 
face tension. The result is that fluid flow takes place from regions of 
high temperature to regions of lower temperature. The general characteris- 
tic of Marangoni Flow is shown in Figure 18. 

The so-called Marangoni Number may be taken as a measure of the mag- 
nitude of surface - tension driven convection. The Marangoni Number is given 
by: 

m - Surface Tension Forces 
% Viscous Forces 


or 


M a = - 


fda] 

[dT] ,2 

dt) 

dL L 


p va 


(28) 


The critical Marangoni Number for a fluid fixed between a rigid and free 
surface is 80. 


7.4.2 Cell Description 

The general concepts for the experiment concerned with a study of 
surface tension driven convection in a ZERO-G environment have been developed 
in Section 5 of this report. The anticipated environmental and dynamic con- 
ditions have been described in Section 7.2. At the present time approximate 
analyses and calculations have been performed in order to generate a prelim- 
inary design for the experimental package. These analyses will be refined 
in the final design stage. 
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Figure 19 shows the preliminary configuration for the test cell for 
the studies of surface tension driven convection. The cell has been made in 
such a way that it can be disassembled easily to retrieve the test material 
after both ground testing and actual space exposure. 

The specimen (S) is hemispherical in shape and rests in a recess in a 
base (B). The specimen (S) is separated from the base (B) by a thin layer 
of thermal and electrical insulating material (I). A heater (H) and heat 
shields (HS) are placed above the specimen and rest in a shoulder in the base 
(B). The lower heat shield (HS) has a small orifice at the center in order 
to generate a heat source on the flat circular face of the test specimen. 

The test cell is sealed with a screw threaded cylindrical cap (P). The com- 
pleted cell is placed in a recess in a locating base (LB). Common bolts of 
the self-locking type are used to attach the completed cell and locating base 
to the experiment tray (T). The locating base will be made from rubber and 
will serve as a pad to dampen vibration of the test cell during launch and 
landing. 

With the aforementioned arrangement it is believed that conditions of 
uniaxial (in radial direction) heat conduction with a change of phase can be 
generated. Complete melting of the test specimen will not be carried out. 
Melting will be continued only to the point where pools of melted material 
of predetermined size are established. 

7.4.3 Stress Analysis 

The direct loading to which the test cell is exposed is negligible. 

In addition, the stresses generated because of an increase in temperature of 
the encapsulated gases, differential expansion of test cell and sample dur- 
ing the heating phase of the thermal cycle and large volume changes associated 
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with the change in phase ( sol ■ i quid) of the test sample also are negligi- 
ble. Hence, a rigorous mechanical analysis is not required. 

7.4.4 Thermal Analysis 

For the present experiment it is necessary to determine the time taken 
and amount of heat required to heat the test sample and produce a predeter- 
mined degree of melting. 

The t ?oretical analysis described in the following applies to the 
case of uniaxial heat conduction with a change of phase. The entire analy- 
sis is divided into two parts which describe the complete heating history. 

The first part of the analysis {premelting regime) is concerned with heating 
of a portion of the test material from some initial temperature to the melt- 
ing point temperature. The second part (melting regime) is concerned with 
the partial melting of the test sample to generate a molten pool supported 
by unmelted material. The analysis is based on the integral heat balance 
approach first proposed by Goodman [15]. 

For the premelting and melting regimes the basic model on which the 
present analysis is based is shown in Figures 20 and 21. For the premelting 
regime the following initial assumptions are made: 

(i) The test sample is at some initial uniform temperature 
below the melting point temperature; for simplicity 
the initial temperature is taken as zero. 

(i i ) A heat flux of magnitude q is applied over the area 
enclosed by the conic r = a. 

(iii) The problem is one of uniaxial heat conduction. 

(iv) A thermal layer is assumed of thickness 6(t), t > 0. 

(v) The boundary at r = b is insulated. 
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The model of the process described above leads to the following dif- 
ferential equation: 


1 . 8 (r i fet) , ) s 1 1n t h e region a < r < 6(t> , t > 0 


3r 


The boundary conditions are: 

* - k § at 


r = a 


t > 0 


where 


q = -9_ 

" 2 
2ira^ 

= 0 at r = 6 (and r = b) , t > 0 . 

The initial condition is: 

T(r,t) = 0 in the region a £ r £ b , t = 0 . 

The thermal boundary condition is: 

T(r,t) =0 at r = <$(t) , t > 0 . 

A new dependent variable U(r,t) is defined by: 

U(r,t) = (r)T(r a t ) . 

The differential equation now becomes: 

- in the region a < r £ 6(t) , t > 0 

Sr^ a at 

The boundary conditions become: 

- U(r,t) = at r = a , t > 0 


3t 

8U(r,t) = U(r,t) 
3r b 


at r * b 


t > 0 


=0 at r = <5(t) 4 t > 0 


(29) 


( 30 ) 


( 31 ) 

( 32 ) 

( 33 ) 

( 34 ) 

( 35 ) 


U(r,t) =0 at r = $(t) 


t > 0 . 


( 36 ) 

( 37 ) 

( 38 ) 

( 39 ) 


The initial condition becomes: 
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U(r,t) = 0 in the region a < r £ b » t = 0. (40) 

Using the integral heat balance approach developed by Goodman [15] it 
can be shown that the temperature distribution in the solid and location of 
the thermal boundary are given by: 

^ ■ S&r + MTsW 4 - 2(a + « + r ) ««) 

and 


t = 6a« - 8a 2 log e p-jp*]} (42) 

respectively. The time taken (t) for the thermal layer to reach the bound- 
ary can be found by substituting: 

6 - (b - a) (43) 

into equation (42). The temperature at the heat source is then given by: 

2ab 


T(a,t t ) = -S 


2Trka ^ 


2ab + b 




(44) 


When the melting point temperature of the solid is greater than that given 
by equation (44) a second heating stage must be considered. Again, using 
the approach developed by Goodman [15] it can be shown that the temperature 
distribution is given now by: 


T(r t > t ) = - ~ a ) 

nr,z V 2frkar 


g(b - a) 
27rk(a + b) 


l + (r - a T 


(b - a) r 


K 0 (t - tj 
e 0 4 . (45) 


Equation (45) is valid for: 


t. < t < t 
t m 

where t is the time required to begin melting. For a material which has a 
melting point T m above the initial temperature the time at which melting oc- 
curs is given by: 


"melting 


= r 0 


aT irk(a + b 

I OL— _ 

1 I b - a i 


+ t. 


(46) 
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where 


K r^ 3 - 3 • (47) 

0 8a (b - a) 2 - 3(b - a) 3 

Preliminary calculation has shown that for most materials considered 
for the present investigation, the actual temperature gradient across the 
test sample is small at the beginning of melting. In order to simplify the 
problem for the melting regime, the following assumptions are made: 

(i) The problem is one of uniaxial heat conduction with a 
change of phase. 

(ii) The test sample is at some initial uniform temperature 
T m the melting point temperature. For simplicity the 
initial temperature is taken as zero. 

(iii) A heat flux of m f tude q is applied over the area 
enclosed by the conic r = a. 

(iv) A melted layer is assumed of thickness s(t), t > 0. 

The aforementioned assumptions lead to the following differential equation. 

i n the region a < r < s(t) , t > 0 . (48) 

9r a 

The boundary conditions are: 

— - U(r,t) = - 4|< at r ’ a • t>0 («) 


MMi = o at r = b 
3r 


t > 0 . 


The initial condition is: 

U(r,t) = 0 in the region a 5 r 5 b , t = 0 . 

The solid-lfquid interface thermal equilibrium condition is: 

3U(r,t) _ pl T 
ar k 


(50) 


(51) 


s (t ) 


dt 


at r = 6 + a 


3 


t > 0 . 


(52) 
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It is assumed that the thermal properties of the liquid and solid phases are 
identical . 

A rigorous solution to the melting problem posed above is difficult 
and beyond the scope of the preliminary design phase of the present project. 
However* an approximate solution may be obtained easily if it is assumed 
that: 


fp = - f(t) at r = a , t > 0 (53) 

and that the function f(t) is related to the heat flux by the expression: 

- f(t) = J (1 - e" w/t ) (54) 

where w is a constant. This implies that the temperature at the heat source 
boundary (r = a) will continue to rise until the heat flux becomes vanish- 
ingly small . 

Using the aforementioned simplification and the approach developed by 
Goodman, it can be shown that the position of the solid-liquid interface can 
be obtained from the expressions: 

"j ^ ^2 

; f (t 1 )dt 1 = -gj— {y + (1 + 4S) 1/2 + 2} (55) 

o 


where 


_ f (t)k 


pL-j-a 


(56) 


- gk 

The relationship between y and w f f(t')dt', a factor involving the lo- 

P L t s 2 0 

cation of the solid-liquid interface is shown in Figure 22. 


It can also be shov/n that the temperature distribution and temperature 


at the source surface as a function of time are given by the expressions: 
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and 


U(r,t) 


pL T a 

IT 

pL-j-a 

4ks 


{!-(!+ 4u) 1//f2 > (r - a - s) + 

{[1 - (1 + 4ii) 1/2 ] + 2y> (r - a - s} 2 


U(a,t) 


= a® 


-w/t 


2irka 


(57) 


(58) 


respectively. 

The equations given above can be used directly to determine the com- 
plete time- temperature histories for the heating and melting of test samples 
of any material for a given heat flux at the boundary. 

Attempts to analyse the solidification process have not been made be- 
cause formulation of an appropriate model is not possible. 


7.4.5 Application of Thermal Analysis 

In order to demonstrate the application of the thermal analysis de- 
scribed in Section 7.4.4 the time required to melt a given amount of a test 
sample of the paraffin hydrocarbon Triacontane will be determined. It is 
believed that predictions from the mathematical analysis and the experimental 
results to be generated from ground based preflight testing should establish 
beyond doubt the ability of the experimental package to perform the required 
functions. 

The thermal properties of Triacontane are: 

l_ T = 251 J/g 4 n k = 0.149 J/6 m °K 

p =810 kg/m 3 a = 8.45 x 10“ 8 m 2 /s 


Cp = 2176 J/kg °K 


T = 359°K 
m 



a = 33 dynes/cm 
v = 0.0073 N * s/m 2 . 
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The test sample is hemispherical in shape with a radius of 1.7 cm and a 
volume of 10 cm' . The radius of the heat flux is 0.127 cm. 

In the present problem neither the heat flux nor the time required 
for melting a given volume (or mass) of material are known. Therefore, an 
iterative procedure must be used to establish appropriate values. 

It is now assumed that a heat rate (g) of magnitude 554.4 cal/hr is 
applied to the test sample. The time required for the thermal boundary to 
traverse the sample to the insulated layer is given by: 

t = {S 2 + 6aS - 8a 2 log e — ^ - 3a j } (equation 42) . 

Substitution of the appropriate data gives: 

‘traverse = 5 ‘° l " 1ns - 

The temperature distribution when the thermal boundary has traversed the 
specimen is given by: 


2 - 2(a + 6}r + r 2 
6 (2a + 6) 


(equation 41) 


The temperature rise at the heat source (r = a) is given by: 


T(a,ttrav e wse^ 2irka 


(2ab + b^) 


= 448° C . 


It can be seen clearly that the temperature rise at the source is far in 
excess of the melting point temperature for Triacontane. Thus, melting be- 
gins before the thermal boundary has reached the outer boundary of the cell. 
It is now necessary to determine the value of (6) when the tempera- 


ture at the heat source reaches the melting point temperature of the 
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material. Substituting the value for the melting point temperature into 
equation (41) gives: 

6 = 0.256 cm . 

Substituting this value for 6 into equation (42) gives: 

t = 18 S (a ) . 

This is the time for source boundary to reach melting point temperature of the 
material. Thus, the intermediate heating stage is not required for the pre- 
sent example. 

Substitution of equations (54) and (56) into equation (55) and inte- 
grating gives: 


_JflL 

2irpn 


{t- 


w 




e- w/t l 


2irapLya 


1 + 


4g(i 


e- w/t ) ; 


-J/2 


2iapLya 


2} 


An iterative procedure is now used to solve the above equation for the con- 
stant (w), which was found to be: 

w = 1.158 hr. 

The time required for melting a given volume of material where the 
location of the solid-liquid interface is specified can now be obtained 
readily by substituting the appropriate values for w and s into the above 
equation and solving for „. Substituting the above calculated value for w 
and arbitrarily selected solid-liquid interface position of s = 1.2 cm into 
the above equation gives: 

t = 10 min (b) . 

The total time to produce melting to a location defined by s = 1.2 cm is the 
sum (a + b). Hence, 


tfOTAL = (18 s + 10 min) 
tfOTAL = rn ^ n ' 


o 
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Further calculation shows that the temperature at the heat source 
(r = a) is 106°C above the melting point temperature. Calculation shows 

r 

also that the Marangoni Number (Ma) is 1.24 x 10 . Hence* pronounced surface 
tension effects should occur. 

7.5 Power Supply 

Selection of an appropriate power supply is one of the most critical 
aspects of the present experimental program. Failure of the power supply 
would prematurely terminate the experiments and prevent the collection of 
useful data. 

The nature of the Long Duration Exposure Facility demands that the 
power supply be completely self contained. Consequently, it must be of the 
battery type. A number of battery manufacturers have been contacted and a 
literature survey made to determine the most appropriate battery system for 
the present application. The results of these efforts are summarized in 
this section of the report. 

The general requirements for the power supply are: (i) must be ca- 

pable of driving timer module, (ii) must be capable of providing sufficient 
power for heating test cells, (iii) must be sufficiently robust to with- 
stand environmental conditions, (iv) must have a small initial current 
drain, (v) must have a long shelf life and (vi) must not pose any hazard. 

A number of candidate power supply systems are available including. Dry 
Batteries (Carbon-Zinc, Mercury-Silver Oxide), Wet Batteries (Lead-Acid, 
Nickel-Iron), and High Energy Batteries (Silver-Zinc, Silver-Cadmium). Of 
these the Carbon-Zinc, Nickel -Cadmium and Silver-Zinc are the most promis- 
ing. Some general characteristics for these systems are given in Table 
X. It is believed that the Carbon-Zinc battery system is inferior to 
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TABLE X. Some Characteristics of Most Promising Power Supply Systems 


Type of System 

Operating 

Voltage 

General 

Characteristics 

Carbon-Zinc 

1 .5 volts/cell 

Low cost, made in a variety 
of shapes and sizes, can 
operate over a wide range 
of discharge conditions, 
deteriorates rapidly at 
temperatures greater than 
325°K. 

Nickel -Cadmium 

i 

1 .2 volts/cell 

i 

i 

Excellent charge retention, 
good mechanical strength, 
indefinite storage life, 
wide range of operating 
temperature. 

Silver-Zinc 

| 

i 

i 

1 .5 volts/cell 

High energy density, wide 
range of operating tem- 
perature and pressures, 
good mechanical strength. 
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the Nickel -Cadmium and Silver-Zinc systems because of poor thermal 
stability. Figure 23 shows a comparison of the energy densities on a 
volumetric and mass basis for the Nickel -Cadmium and Silver-Zinc systems. 

It can be seen clearly that the Silver-Zinc system has the greatest energy 
density. 

Silver-Zinc batteries have been used previously in both manned and 
unmanned space missions and have excellent performance records. In the 
present work power requirements for various combinations of candidate tests 
materials have been computed using the analytical procedures developed 
above. It was found that six cells connected in series (9 volts, 22.5 watt- 
hrs) would provide sufficient power for the most adverse conditions with 25% 
of total capacity remaining after completion of experiments. 

The total battery weight would be approximately 0.33 Kg with a volume 
of approximately 241 urn. The total cost would be approximately $300.00. 

It is proposed to place the battery pack in a hermetically sealed container. 

7.6 Experimental Arrangement 

A schematic arrangement of the experiment is shown in Figure 24. 

The battery power supply will consist of six Silver-Zinc cells connected 
in series to provide a potential of 9 volts and power of 22,5 watt-hrs. 

This will be sufficient to drive the timer modules and heating units. The 
timer modules have not been designed at this time. However, it is believed 
that a straight forward engineering effort is required and major problems 
are not anticipated. 

It is proposed that the primary timer be set by the ground crew prior to 
launch. It will be set so as to actuate the secondary timers when the Long 
Duration Exposure Facility has reached a stable orbit. The units designated 
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A], Ag, Aj and Bp Bg, contain samples for the investigation of wetting 
conditions (wetting-nonwetting) on the general morphology of material solid- 
ified in a ZERO-G environment. The units designated Cp Cg, C 3 and Dp Dg, 

D 3 contain samples to investigate the phenomena of surface tension driven 
convection. Samples Cp Cg and C 3 will be heated for approximately 10 
minutes; whereas samples Dp Dg, and D 3 will be heated for approximately 30 
minutes. After testing the experimental package will remain dormant until 
recovery. 

In order to simplify the overall design of the experimental package 
temperature control will not be used. However, each test cell will be 
fitted with a fusible link so that should an electrical malfunction develop 
(short circuit) then the increase in current flow will cause the fusible 
link to melt and prevent excessive battery drain. 

8. DATA REDUCTION AND ANALYSIS 

Convection currents in fluids are usually driven by gravity in a 
ONE-G environment. However, gravity is not the only force capable of 
inducing fluid flow. Surface tension, interfacial tension, and volume changed 
associated with phase transformations (sol id£l iquid) can serve as driving 
forces for fluid flow under the appropriate conditions. 

Fluid flow caused by surface tension gradients is called Marangoni 
flow. If a liquid surface (liquid-vapor interface) is subjected to a tem- 
perature gradient then a surface tension gradient will be induced because 
surface tension is a function of temperature. Liquid will flow along the 
surface from regions of low surface tension (hot region) to regions of high 
surface tension (cold region). The velocity of fluid flow decreases with 
increasing depth beneath the surface: the depth of the disturbed region 
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depending upon many hydrodynamic factors. Concentration gradients can 
induce surface tension driven convection because surface tension is also a 
function of chemical composition. 

In a ZERO-G environment gravity driven convection will be absent and 
surface tension driven convection should predominate. The present experi- 
ments have been devised to demonstrate the importance of surface tension in 
such an environment. The requirements of simplicity have precluded the 
generation of ' "on board" quantitative data. Data will be gathered by post 
flight analysis of tested samples. 

Although the proposed experiments have been divided up into two 
categories they are in fact closely related. For both series of experiments 
the solidified test samples will be subjected to extensive post flight 
analysis. The analysis will consist essentially of sample characterization 
using a wide range of diagnostic techniques. The cylinders or cells 
containing the test samples will be examined first by X-Ray radiograpy then 
sectioned to expose the solidified surfaces. The surfaces will be examined 
using optical and scanning electron microscopy to determine both the macro- 
scopic and microscopic geometry and characteristics of the surface. Next, 
the overall general shape of the solidified materials will be obtained by 
additional sectioning along planes parallel and perpendicular to the test 
cell axis. The sections will be prepared in the ususal way and examined in 
detail using optical microscopy to characterize thoroughly the general 
crystallography of the microstructure. Factors such as grain size, grain 
shape and grain orientation will be determined quantitatively. The samples 
will be examined also for the presence of general porosity, microporosity, 
and cracks. If detected their appearance, size, and distribution will be 
determined quantitatively by standard procedures. Selected areas of the 
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specimens will be examined using X-Ray diffraction methods to generate 
additional information concerning the fine scale structure of the solidi- 
fied materials. The interface between the container and solidified material 
will be examined critically using optical microscopy and X-Ray microprobe 
analysis to determine the nature of the interface. 

9. ANTICIPATED RESULTS 

In the experiments described under general morphology studies (5.1.1 
above) it is anticipated that changes in the solid-liquid interfacial energy 
brought about by changes in the characteristics of the cell liners will pro- 
duce ultimately differences in the distribution of ullage space. For 
example, for low relative interfacial energies (wetting) surface tension 
forces may permit, in the absence of gravity, migration of the liquid test 
material around the walls of the cell leaving the ullage in the vicinity of 
the center (Figure 25a). For high relative interfacial energies (nonwetting) 
the liquid may tend to exist essentially detached from the cell walls 
(Figure 25b). However, it is conceivable that small perterbations in the 
LDEF attitude may induce the liquid to break up producing a globular structure 
with considerable porosity. The complete post flight microstructui al 
analysis of samples should enable flow patterns and flow characteristics 
generated within the liquid which led to the final structure to be identified. 

In the experiments described under Convection Studies (5.1.2 above) 
radiant heating is used to produce a liquid pool in the center of the "upper" 
surface of the test sample. It is anticipated that the temperature at the 
center of the liquid pool will be considerably higher than that at the edge 
adjacent to the unmelted material. The temperature gradient will change the 
liquid-vapor interfacial energy locally and induce surface tension driven 
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convection which should change the profile of the solid-liquid interface. 

If convection is present then the rate of heat transfer and melting will be 
increased. The result should be an increase in the maximum diameter of the 
pool (Figure 25 c,d). Examination of the structure of the sectioned samples 
will enable the extent of melting in a particular test (solid-liquid inter- 
face) to be determined. It is anticipated that the extent of melting due to 
convection should increase with an increase in time. The position of the 
solid-liquid interfacial boundaries (profile) determined from post flight 
specimen examination will be compared with the calculated position of the 
solid-liquid interfacial boundaries (profile based on a conduction (no con- 
vection) model of the melting process). It is hoped that the differences 
in shapes of the boundaries can be attributed to convection currents in the 
melt driven by surface tension. 

10. WORK PLAN 

10.1 Concepts of Work Plan 

Early space shuttle missions will involve many widely different ex- 
perimental packages within each payload. Each of these packages will be 
conceived, designed, constructed, and tested at sites remote from the 
National Aeronautics and Space Administration, Langley Research Center. 
Clearly, it is of the utmost importance that experimental packages arrive 
at the Center at the prescribed time for the overall success of the mission. 
A work schedule has been devised to assure efficient utilization of the 
time, funds, material and personnel resources and to provide the National 
Aeronautics and Space Administration with an estimate of the time required 
to produce the proposed experimental package. 
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10.2 Management 

The limited nature, si2e and scope of the proposed activity is such 
that complex managerial arrangements and plans are not required. 

Dr. Bailey, Professor of Mechanical and Aerospace Engineering will 
serve as principal investigator and assume administrative responsibility 
for the project. He will have responsibility also for sample material 
selection, fabrication and post flight data analysis. Dr. Whitfield, 
Professor of Mechanical and Aerospace Engineering will serve as co-principal 
investigator and assume responsibility for hardware design, development, 
and testing. 

A number of graduate students will assist the principal and co- 
principal investigators with details of the experimental design, preparation 
of drawings of hardware, hardware acquisition, testing and data reduction 
and analysis. It is anticipated that their contributions will form the 
basis of theses in partial fulfillment of advanced degrees. 

10.3 Method of Experiment Acquisition 

A number of major tasks associated with the preliminary design of an 
experiment to study the solidification of materials under a zero gravity 
environment have completed under the present grant. These tasks include 
(i) review and critical evaluation of the technical literature, (ii) estab- 
lishment of contact with NASA personnel having an active interest in the 
proposed experiment, (iii) establishment of contact with NASA personnel 
capable of providing most recent information concerning experiment hardware 
components (power pack, timer systems, etc), and ( i v) completion of pre- 
liminary design study including selection of design concepts, selection of 
materials, definition of range of experimental conditions, summary of 
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thermal, mechanical and physical property data for test and hardware 
materials and accurate assessment of power requirements. 

The initial activity as shown in the Project Schedule, (Figs. 26 and 
27) will be the overall design of the major subsystems or modules. Design 
concepts, including alternative schemes, for the power, timing and heater 
modules will be developed and submitted to NASA-Langley Research Center for 
review and approval. After approval of the design concept details of the 
actual power, timing and heater modules will be developed and again sub- 
mitted to NASA-Langley Research Center for review and approval. Once 
approval is obtained, final drawings and detailed specifications will be 
prepared and submitted for final review and approval. Ey maintaining close 
cooperation between NASA-Langley Research Center and North Carolina State 
University it is believed that suggestions can be easily incorporated into 
the design and the need for radical changes avoided. 

After review of the final drawings and specifications, the experimen- 
tal package will be fabricated in the Precision Workshop of the Engineering 
Research Services Division of the School of Engineering at North Carolina 
State University. Personnel in the workshop have had extensive experience 
in the fabrication of sophisticated and specialized pieces of research 
equipment. If a need arises for change in either the design or specifications 
of the experiment during fabrication then approval will be sought from 
NASA-Langley Research Center prior to their execution. Concurrent with the 
fabrication of the experiment detailed test plans and procedures for 
experiment qualifications will be developed and submitted to NASA-Langley 
Research Center for approval . 

At the present time it is planned to test the experimental package 
in the Department of Mechanical and Aerospace Engineering at North Carolina 
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State University. Perhaps the most difficult tests to devise are those relat- 
ing to the extremely high noise levels K150 Db) and intense vibration to 
which the experimental package will be exposed during launch. However, the 
noise and vibration profiles given in the Users Guide have been discussed 
with Dr. F, D. Hart, Director of the Center for Acoustical Studies at North 
Carolina State University and he has agreed to assist in the design of a 
siren to obtain the appropriate noise levels and in the programming of a 
shaker table to generate the appropriate vibration profile. In addition, 
the experiment will be tested in the high vacuum system in the Department of 
Mechanical and Aerospace Engineering. This facility is capable of maintain- 

_o 

ing an environment of 10 Torr. After each of the devised tests the experi- 
mental package will be tested thoroughly through its complete cycle. It is 
planned to gather extensive qualification test data and postqualification 
data of tested experimental package. This data and appropriate analyses 
will be submitted to NASA-Langley Research Center for approval. It is hoped 
that NASA-Langley Research Center personnel will be able to visit the Uni- 
versity to witness the qualification tests. 

At the present time these authors are not aware of any experiments 
similar to those proposed which are being considered for inclusion of the 
LDEF mission. However, it is planned to maintain close communication with 
the LDEF project office so that should such experiments appear, then con- 
tact can be made with the appropriate investigator quickly with a view to 
the establishment of a cooperative effort to avoid possible unnecessary du- 
pl ication. 

Support will be required to integrate the experimental package into 
the LDEF. However, all that is necessary is to bolt the package to the ap- 
propriate tray. 
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Every effort will be made to assure that the experimental package is 
safe such that it will not pose any threat to either the shuttle craft or 
shuttle crew. Wherever possible, age hardened aluminum alloy (6061) and 
stainless steel will be used as structural materials. In addition, an 
attempt will be made to select test materials which are chemically inert, 
nontoxic and noncorrosive. The experimental package itself will be designed 
to withstand the temperatures, pressures, and mechanical and acoustical 
vibrations outlined in the LDEF Users Guide with an adequate factor of 
safety. The test program will verify the reliability of the experimental 
package to withstand simulated flight conditions. In addition, the experi- 
mental package will be sealed in an aluminum alloy container designed to 
remain intact even under the most severe impact (crash) conditions. 

10.4 Facilities and Equipment 

As stated above a straightforward engineering design effort is 
required to select materials and to design the timer and heater/power 
modules. Familiar, well characterized material s , designs and components 
will be used. Adequate facilities exist on the campus at North Carolina 
State University to design, fabricate and test the experimental package. 

In addition, adequate well known standard diagnostic techniques will be 
used for post flight data analysis. All necessary equipment for the conduct 
of the analysis exists also on the campus at North Carolina State Univer- 
sity. Equipment or special facilities from NASA and other government 
agencies is not required. 

10.5 Cost Estimation 

The completion of an experimental package suitable for flight aboard 
an early space shuttle mission involves several well defined functions which 



FUNCTION 


ESTIMATED COST 


Design 

$ 25,000,00 

Hardware 

12,000.00 

Testing 

22,000.00 

Integration Costs 

8,000.00 

Data Evaluation 

20,000.00 

i 


TOTAL COST 


$ 87,000.00 










include design, hardware testing, integration and data evaluation. A 
tentative cost analysis based on these categories is given in Table XI. 
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